Introduction {#S1}
============

Melanoma is the most aggressive and invasive form of skin cancer, with rates steadily increasing to a current lifetime incidence of 1 in 50 individuals \[[@R1],[@R2]\]. Early stage melanoma, classified as radial growth phase (RGP), is confined to the epidermis and is readily curable by surgical excision. In contrast, later stage vertical growth phase (VGP) melanoma is frequently metastatic, with median patient survival rates of only 6 to 9 months. The transition from non-invasive, localized RGP melanoma to invasive and metastatic VGP melanoma is mediated by changes in gene expression, which are directed by signal transduction pathways in the tumor cells. Among the most prominent signaling pathways is the MAPK pathway, Ras-Raf-Mek-Erk, which increases expression of genes that promote melanoma progression, *i.e.* secreted growth factors and chemokines \[[@R3],[@R4]\]. Importantly, many melanomas harbor a mutation in this pathway, BRAF^V600E^, which causes constitutive activation of MAPK signaling and increased expression of downstream target genes \[[@R3]--[@R11]\], thereby exacerbating tumor progression. However, in BRAF^V600E^ melanoma, the small molecule inhibitor, vemurafenib (PLX4032), induces rapid tumor regression \[[@R5],[@R12]--[@R14]\] and has revolutionized therapy for melanoma. PLX4032 binds to the ATP-binding site of mutated BRAF, inhibiting ERK/MAPK signaling and downstream gene expression in BRAF^V600E^ cells.

The tumor microenvironment (TME) plays a crucial role in the invasive behavior of VGP melanoma. Notably, there is an increase in proteolytic enzymes, particularly the interstitial collagenase, matrix metalloproteinase-1 (MMP-1) \[[@R15]--[@R18]\] in VGP melanoma compared to RGP melanoma. Indeed, elevated MMP-1 is linked to the onset of VGP melanoma and to a poor prognosis \[[@R16],[@R19]\]. MMP-1 is also a downstream target of MAPK signaling \[[@R11]\], one mechanism that may explain the high levels of MMP-1 expression seen in BRAF^V600E^ melanomas \[[@R8],[@R11]\]. Likewise, the collagenase MMP-13 is also downstream of MAPK signaling in melanoma cells \[[@R20]\], and has been shown to regulate human and murine melanoma growth \[[@R20],[@R21]\]. The collagenase secreted by human melanoma cells degrades collagens, types I and III, leading to destruction of the extracellular matrix (ECM), which is an essential step in melanoma invasion and metastasis \[[@R22]\].

The triple helical interstitial collagens, types I, II and III, are the most abundant proteins in the body, and type I collagen is the most abundant collagen. It is a heterotrimeric protein, composed of two alpha 1 chains (Col1A1) and one alpha 2 chain (Col1A2) \[[@R23]\]. Since collagens are the major component of the ECM and the main scaffolding protein of the TME, remodeling of the ECM by degradation or synthesis of collagen influences tumor infiltration, angiogenesis, invasion, and migration of tumor cells \[[@R24]\]. Preventing collagen degradation has been shown to prevent melanoma metastasis, suggesting that degradation of collagen is necessary for metastasis \[[@R8]\]. Conversely, blocking collagen synthesis in melanomas by pharmacologic intervention blocks angiogenesis and metastasis \[[@R25]--[@R27]\], suggesting that collagen deposition fosters tumor progression. The contradictory nature of these studies suggests that collagen may be a 'double-edged sword' \[[@R24]\], in that it may both inhibit and promote the progression of melanomas.

In a recent study, we examined heterogeneity among clones of melanoma cells derived from a single tumor. Our studies revealed that C4 tumors excised from nude mice contained substantial amounts of collagen, as seen with Masson Trichrome stain \[[@R28]\]. Here, we report the unexpected finding that blocking the Ras-Raf-Mek-Erk MAPK pathway, either with an ERK (PLX4032) or a MEK (U1026) inhibitor, in BRAF^V600E^ human and murine melanoma cell lines increases collagen synthesis *in vitro* and collagen deposition *in vivo*. We find that these inhibitors decrease expression of two genes known to be inhibited when this pathway is blocked: the pro-angiogenic cytokine, Interleukin-8 (IL-8) and MMP-1 \[[@R11],[@R29]\]. Since TGFβ signaling through its receptor, TGFβ RI/II, is a major mediator of collagen synthesis, we examined whether blocking TGFβ signaling with a small molecule inhibitor would block this increase in collagen. We found only a minimal reduction in collagen synthesis in response to blocking TGFβ signaling, suggesting that additional mechanisms are involved. Although it is not clear how blocking the Ras-Raf-Mek-Erk pathway increases collagen expression, our data suggest that activation of another MAPK pathway, p38, may be involved. We found that p-p38 increased when melanoma cells were co-treated with PLX4032 and exogenous TGFβ, suggesting cooperativity between MAPK and TGFβ signaling in these cells \[[@R30]\].

Results {#S2}
=======

Inhibition of the MAPK pathway increases collagen synthesis in human and murine BRAF^V600E^ cell lines {#S3}
------------------------------------------------------------------------------------------------------

In a recent paper comparing two clones (C4 and C9 cells) derived from a human BRAF^V600E^ cell line, we found higher deposits of collagen in the C4 tumor tissue as well as increased levels of TGFβ mRNA \[[@R28]\], an inducer of matrix synthesis in melanoma \[[@R31]\]. Given that blocking MAPK signaling halts tumor progression in BRAF^V600E^ melanoma, we investigated the effect of MAPK inhibitors on the expression of type I collagen by melanoma cells. We treated several melanoma cell lines with both the BRAF^V600E^ inhibitor, PLX4032, and the MEK inhibitor, U0126, and measured Col1A2 (collagen, type I, alpha 2) expression as a marker of collagen synthesis \[[@R32]\]. [Fig. 1A](#F1){ref-type="fig"} shows the effect of these inhibitors on C4 melanoma cells. Interestingly, a significant increase in collagen mRNA (8--10 folds, P \< 0.0001) was seen in cells treated with either PLX4032 or U0126 compared to cells treated with the DMSO control. We confirmed that these compounds blocked pERK in cell lysates from parallel experiments ([Fig. 1B](#F1){ref-type="fig"}). Furthermore, immunoblots of C4 cell lysates revealed an increase in pre-pro-collagen in cells treated with PLX4032 or U0126 for 48 h, but only the pro-collagen in control cells treated with DMSO ([Fig. 1C](#F1){ref-type="fig"} (100--150 kD) lower band and upper band, respectively). The presence of pre-pro-collagen may reflect an increase in the synthesis of collagen protein in the process of being prepared for secretion. We conclude that the increase in collagen mRNA is paralleled by an increase in collagen protein.

It has previously been shown that blocking MAPK signaling with either PLX4032 \[[@R29]\] or U0126 \[[@R11]\], decreases expression ofMMP-1 in human BRAF^V600E^ melanoma cell lines. Likewise, we found that MMP-1 mRNA is reduced in C4 cells treated with either inhibitor for 48 h ([Fig. 1D](#F1){ref-type="fig"}). Importantly, we extended our studies to include two additional human BRAF^V600E^ melanoma cells lines, VMM12 ([Fig. 1E--G](#F1){ref-type="fig"}) and C9 ([Supplementary Fig. 1A and B](#SD1){ref-type="supplementary-material"}). We found that PLX4032 and U0126 treatment increased collagen and decreased MMP-1 mRNA and protein in both cell lines. In addition, two murine cell lines, D4M.7A and D4M.3A cells \[[@R33]\], derived from a mouse model of BRaf^V600E^, also showed increases in collagen mRNA with PLX4032 treatment ([Supplemental Fig. 1C](#SD1){ref-type="supplementary-material"} and data not shown). To test the inhibition of collagenase expression in murine BRaf^V600E^ cell lines, we quantified MMP-13 mRNA in D4M cells, the principal secreted collagenase in the murine system, which is analogous to human MMP-1 \[[@R21],[@R22]\]. Similar to the human cell lines, MMP-13 expression significantly decreased in D4M cells with PLX4032 treatment for 48 h ([Supplementary Fig. 1D](#SD1){ref-type="supplementary-material"}). Taken together, these data demonstrate that the increase in collagen in response to MAPK inhibitors is not restricted to one particular melanoma cell line or species.

IL-8 expression decreases with MAPK inhibition {#S4}
----------------------------------------------

It has been reported that IL-8 may suppress collagen expression and regulate its turnover in human fibroblasts \[[@R32]\]. Therefore, to investigate a potential mechanism for the increase in collagen synthesis seen with the treatment of MAPK inhibitors, we measured expression of IL-8 in the presence of these inhibitors. We reasoned that if PLX4032 or U0126 decreased IL-8 expression in cells with increased collagen, then IL-8 might be regulating collagen expression. In fact, a previous study has reported that PLX4032 treatment decreases IL-8 expression in human BRAF^V600E^ mutant cell lines \[[@R29]\], suggesting that IL-8 may constitutively suppress collagen expression and that this suppression is relieved when its expression is decreased. We found that treating three BRAF^V600E^ cell lines with either PLX4032 or U0126 significantly decreased IL-8 expression ([Fig. 2A](#F2){ref-type="fig"}, and data not shown). Therefore, we added exogenous IL-8 to cells treated with PLX4032 to ask if exogenous IL-8 could decrease collagen expression in these cells. However, we found no significant difference in Col1A2 mRNA levels in cells treated with exogenous IL-8 compared to DMSO control cells (P \> 0.05, [Fig. 2B](#F2){ref-type="fig"}) nor was there a difference between cells treated with PLX4032 alone or with PLX4032 and IL-8 (P \> 0.05, [Fig. 2B](#F2){ref-type="fig"}). These results suggest that IL-8 is not regulating collagen mRNA.

TGFβ signaling partially affects collagen gene expression {#S5}
---------------------------------------------------------

Since the effects of BRAF and MEK inhibitors were nearly identical in BRAF^V600E^ cell lines, in keeping with previous studies \[[@R7]\], we focused on the effects of PLX4032 on collagen synthesis in the C4 melanoma cells. TGFβ signaling is a major mechanism for increasing collagen synthesis \[[@R30],[@R34]--[@R36]\], and therefore we examined TGFβ expression in cells treated with PLX4032. First we showed that treating C4 cells with PLX4032 increased expression of TGFβ ([Fig. 3A](#F3){ref-type="fig"}).

Next, we tested the possibility that signaling through TGFβ receptors (TGFβ R1 and RII) might increase collagen synthesis when MAPK signaling was blocked by PLX4032. To this end, we added exogenous TGFβ to the C4 cells and measured collagen mRNA. We found that exogenous TGFβ (2 ng/ml) significantly increased collagen expression by about 2.5-fold ([Fig. 3B](#F3){ref-type="fig"}). PLX4032 treatment increased collagen expression even more than TGFβ alone (4-fold compared to control/DMSO treatment) and the combination of TGFβ and PLX4032 had an additive effect on Col1A2 mRNA, increasing expression 10-fold higher than control/DMSO treatment ([Fig. 3B](#F3){ref-type="fig"}).

We then blocked TGFβ receptor signaling in the C4 cells with the small molecule inhibitor, SB431542 (10 µM) \[[@R37]\] and measured collagen mRNA ([Fig. 3B](#F3){ref-type="fig"}). Treatment with SB431542 alone, or in combination with exogenous TGFβ, reduced collagen mRNA by 25% compared to DMSO control ([Fig. 3B](#F3){ref-type="fig"}), suggesting that TGFβ signaling plays a role in mediating expression of collagen. In addition, compared to PLX4032 treatment alone, SB431542 significantly reduced PLX4032-induced collagen expression ([Fig. 3B](#F3){ref-type="fig"}, P \< 0.0001) but addition of exogenous TGFβ failed to rescue collagen expression ([Fig. 3B](#F3){ref-type="fig"}, P \> 0.05). We also measured collagen protein in cell lysates from parallel experiments, and found increased collagen protein in all cells treated with PLX4032, but virtually no increase in the cells treated with TGFβ alone ([Fig. 3C](#F3){ref-type="fig"}). Specifically, no pre-pro-collagen band is present in the lysates from cells treated with TGFβ, unlike the cells treated with PLX4032. We attribute the difference in collagen mRNA and protein in response to TGFβ treatment to differences in the sensitivity of qRT-PCR and immunoblotting. Taken together, our findings suggest cooperativity between TGFβ signaling and PLX4032 in affecting collagen gene expression, but indicate that additional mechanisms are involved.

To confirm the role of TGFβ signaling in mediating an increase in collagen synthesis, we examined TGFβ protein levels in conditioned medium taken from these cells after 48 h ([Table 1](#T1){ref-type="table"}). [Table 1](#T1){ref-type="table"} shows that after 48 h of culture in DMEM with 10% FBS, medium from DMSO treated cultures contained about 18 pg/ml TGFβ protein. Treating cells with PLX4032 increased TGFβ protein to about 48 pg/ml, suggesting that PLX4032 may mediate expression of TGFβ mRNA ([Fig. 3A](#F3){ref-type="fig"}) as well as protein ([Table 1](#T1){ref-type="table"}). Treatment with SB431452 reduced TGFβ levels to undetectable, while medium from cells co-treated with the inhibitor and PLX4032 contained about 9 pg/ml ([Table 1](#T1){ref-type="table"}). Thus, the C4 cells secrete some TGFβ, and PLX4032 augments this by about 2.5-fold.

Evaluation of potential cross-talk between MAPK and TGFβ signaling {#S6}
------------------------------------------------------------------

Cross-talk between MAPK (Ras-Raf-Mek-Erk) and TGFβ/pSmad signaling has been reported \[[@R30],[@R36],[@R38]\], and this cross-talk could implicate MAPKs in regulating collagen synthesis. Therefore, we examined whether TGFβ and pSmad signaling activated MAPK signaling by assessing pERK, pJNK, and p-p38 \[[@R30],[@R36],[@R38]\] expression after treatment of C4 cells with exogenous TGFβ or the TGFβ inhibitor, SB431452. Conversely, we examined if MAPKs could regulate TGFβ RI/Smads \[[@R30]\] by assessing pSmad2/3 and Smad7 after PLX4032 treatment. Accordingly, we treated the C4 melanoma cells with PLX4032, TGFβ, or SB431542, alone and in combination, and harvested cell lysates at time 0, 15, 45 and 90 min \[[@R33]\].

As expected, [Fig. 4A](#F4){ref-type="fig"} demonstrates that pERK is constitutively expressed in C4 cells and that PLX4032 blocks this expression completely, within 15 min, while levels of pAKT and pJNK remain unaffected ([Fig. 4A](#F4){ref-type="fig"} and data not shown). We also found that addition of exogenous TGFβ did not affect pERK or pAKT ([Fig. 4A](#F4){ref-type="fig"}). In addition, pERK, but not pAKT expression was inhibited by 15 min with the addition of PLX4032 in combination with TGFβ alone or TGFβ and SB431452 ([Fig. 4A](#F4){ref-type="fig"}). Similarly, pJNK was not affected by PLX4032, TGFβ, and/or SB431452 (data not shown). These data suggest that, while PLX4032 affects pERK signaling, TGFβ does not affect pERK expression.

It is known that Smad 2 and 3 are receptor activated Smads that phosphorylate in response to TGFβ \[[@R39],[@R40]\], while Smad 7 is an inhibitory Smad that can both inhibit and be inhibited by TGFβ \[[@R39],[@R40]\]. As expected, we found that exogenous TGFβ increased expression of pSmad 2/3 within 15 min, but SB431452 blocked this increase ([Fig. 4B](#F4){ref-type="fig"}). PLX4032 did not affect pSmad 2/3 expression ([Fig. 4B](#F4){ref-type="fig"}), and Smad 7 expression was not changed by PLX4032, TGFβ or SB431452. These results suggest that MAPK signaling does not regulate TGFβ RI/Smads.

PLX4032 and TGFβ may cooperate to mediate p-p38 signaling in melanoma cells {#S7}
---------------------------------------------------------------------------

We next measured the expression of p-p38 in lysates of C4 cells that had been treated with PLX4032 and/or TGFβ. While neither PLX4032 nor TGFβ, alone, activated p-p38, combined treatment of cells with TGFβ and PLX4032 resulted in an increase at 90 min ([Fig. 5A](#F5){ref-type="fig"}). Thus, there appears to be cooperativity between PLX4032 and exogenous TGFβ in activating p-p38 MAPK \[[@R30]\] and perhaps, in affecting the expression of collagen.

To test the possible role of p-p38 in regulating collagen expression, we treated C4 cells with 10 µM of the p-p38 inhibitor, BIRB 796 (BIRB), 1 h prior to PLX4032 or TGFβ treatment. Similar to [Fig. 5A, B](#F5){ref-type="fig"} demonstrates that a 2 h treatment of C4 cells with PLX4032 and TGFβ increases p-p38, and that pre-treatment with BIRB completely prevents phosphorylation of p-38.

After confirming the efficacy of BIRB, C4 cells were treated with BIRB in the presence or absence of PLX4032 and/or exogenous TGFβ for 24 h and assessed for expression of Col1A2 mRNA ([Fig. 5C](#F5){ref-type="fig"}). No differences in collagen expression were found between BIRB and control/DMSO treated cells (P \> 0.05), nor between cells treated with a combination of PLX4032 and BIRB and cells treated with PLX4032 alone ([Fig. 5C](#F5){ref-type="fig"}, P \> 0.05). However, when cells were treated with a combination of PLX4032, exogenous TGFβ, and BIRB, collagen expression significantly decreased (from 7.3 to 6.1 fold change relative to DMSO) compared to cells treated with just the PLX4032 and TGFβ combination ([Fig. 5C](#F5){ref-type="fig"}, P \< 0.05). These data suggest that PLX4032 and TGFβ may cooperate to mediate collagen expression through p-p38 signaling.

PLX4720 increases collagen deposition *in vivo* {#S8}
-----------------------------------------------

To confirm that the increase in collagen synthesis seen *in vitro* in response to PLX4032 is paralleled in an *in vivo* environment, we administered PLX4720, a chemical analog of PLX4032 with favorable pharmaceutical properties in rodents, to mice in their chow (417 mg/kg chow \[[@R13],[@R41]\]). Groups of 8 mice per experiment (2 experiments) were injected intradermally with 2 × 10^5^ C4 cells, with each mouse receiving 2 injections, one on each flank. When the tumors reached \~5 mm diameter, 4 mice were fed chow containing PLX4720 and 4 mice were fed control chow for 10 days. As expected, PLX4720 significantly (P \< 0.005) halted tumor growth in mice fed PLX4720 chow compared to those fed control chow ([Fig. 6A](#F6){ref-type="fig"}, tumor size of mice fed control chow ≅ 10 mm by 10 days post treatment; tumor size in mice fed PLX4720 chow ≅ 5 mm diameter). At sacrifice, tumors were harvested for histology and mRNA. While Masson Trichrome (blue staining) of the tumors revealed collagen deposition in C4 tumors from mice fed control chow ([Fig. 6B](#F6){ref-type="fig"}), as was previously observed \[[@R28]\], C4 tumors from mice fed the PLX4720 chow had more collagen deposition ([Fig. 6C](#F6){ref-type="fig"}). Similar growth kinetics and histology were seen in C9 and VMM12 flank tumors fed PLX4720 chow (data not shown). RT-PCR of mRNA from tumor tissue revealed increased mRNA for human Col1A2 mRNA and decreased MMP-1 and IL-8 mRNAs in mice fed chow with PLX4720 ([Fig. 6D--F](#F6){ref-type="fig"}). Thus, our findings of increased synthesis of type I collagen *in vitro* in response to PLX4032 are mirrored in *in vivo* studies, suggesting that clinical use of vemurafenib may affect the extracellular matrix in the tumor microenvironment (TME).

Discussion {#S9}
==========

In this study, we made the unexpected finding that the BRAF inhibitor, PLX4032, and the MEK inhibitor, U0126, increase the synthesis of type I collagen by several human and murine melanoma cell lines. This increase was seen *in vitro* and *in vivo*, suggesting novel effects on melanoma behavior and on the tumor microenvironment. Importantly, the increase in collagen synthesis may not be limited to BRAF^V600E^, since U0126, which blocks pMEK in BRAF^WT^ cells also increased collagen production. Concomitantly, these same MAPK inhibitors decreased expression of two genes, the collagenase, MMP-1, and the cytokine IL-8. The facts that (a) the increase in collagen was seen in several cell lines and (b) the two genes that were down-regulated in our studies have also been reported to be down-regulated by others \[[@R11],[@R29]\], indicate that our findings are not an artifact confined to a single cell line or a single gene.

In trying to identify a mechanism(s) by which blocking the Ras-Raf-Mek-Erk MAPK pathway increases collagen synthesis, we investigated a possible role for TGFβ, a well-known inducer of collagen \[[@R30],[@R34]--[@R36]\]. Our data show that effects of PLX4032 and TGFβ on collagen production are additive, and that, while blocking TGFβ signaling slightly diminishes the expression of collagen, the effects of PLX4032 are largely independent of TGFβ. We did, however, detect some cross-talk between TGFβ and MAPK signaling, in keeping with a previous report \[[@R30]\]. We found that PLX4032 and TGFβ increase p-p38 and that when this increase is blocked with a specific p-p38 inhibitor, there is a slight decrease in collagen mRNA. Clearly, however, other mechanisms are involved.

What these other mechanisms are is still unclear. Regulation of collagen gene expression and matrix deposition are quite complex, involving TGFβ and its receptors \[[@R42]\], integrin signaling \[[@R42]\], the discoidin domain receptors (DDRs) \[[@R43]\], mRNA stability \[[@R23]\], hormonal influences \[[@R44]\], and effects of secreted products from Carcinoma Activated Fibroblasts (CAFs) \[[@R42]\] in the tumor microenvironment (TME), which may include TGFβ and other growth factors \[[@R42],[@R44]\]. Indeed, CAFS found in the TME are a primary source of collagen stimulation \[[@R30],[@R42]\], and perhaps they are contributing to matrix deposition seen *in vivo* with melanomas ([Fig. 6B and C](#F6){ref-type="fig"}).

Nonetheless, our studies document that the melanoma cells, themselves, produce increased collagen in response to blocking the Ras-Raf-Mek-Erk pathway. Further, we showed that PLX4032 increases TGFβ production by the melanoma cells ([Fig. 3A](#F3){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). Conceivably, secreted TGFβ could affect adjacent stromal fibroblasts to further enhance collagen production in the TME. Indeed, we have recently shown that secreted products from melanoma cells can activate stromal fibroblasts by increasing their expression of MMP-1 and inflammatory cytokines, and that treating the melanoma cells with PLX4032 indirectly subdues this activation by reducing the expression of secreted proteins by the melanoma cells \[[@R29]\]. However, in the present study, rather than subduing CAFs, PLX4032 would augment collagen production by adjacent fibroblasts due to increased TGFβ produced by PLX4032-treated melanoma cells. Thus, it is possible that PLX4032, although indirectly quieting some aspects of gene expression by CAFs \[[@R29]\], could stimulate matrix deposition by the stromal cells. Possibly, the increase in collagen seen in tumors harvested from mice fed PLX4720 in their chow results from the murine stromal cells as well as from the (human) tumor cells ([Fig. 6](#F6){ref-type="fig"}).

Most studies have focused on the genes that are down-regulated by MAPK inhibitors \[[@R7],[@R45]\]. PLX4032 is noted for its ability to suppress the expression of many genes \[[@R7],[@R45]\], and expression of only three genes was found to be up-regulated in response to PLX4032 \[[@R45]\]. Two of these are predicted transcripts and the third is a transcriptional co-regulator, CITED-2. CITED-2 has been linked to the suppression of MMP-1 and MMP-13 *via* the TGFβ pathway. Further, depletion of CITED-2 has been associated with invasiveness of colon cancer *in vitro*, leading the authors to speculate that that down-regulation of CITED-2 by mutant BRAF^V600E^ may play a role in the invasive potential of melanoma cells \[[@R45]\]. Conversely, the up-regulation of CITED-2 by PLX4032 suggests that an increase in its expression may facilitate tumor progression.

Although one report suggests that a collagen matrix may be therapeutically beneficial by decreasing melanoma proliferation \[[@R46]\], collagen deposition in tumors, including melanomas, has traditionally been associated with increased angiogenesis, tumor cell migration and activation of stromal fibroblasts \[[@R25],[@R34],[@R35],[@R42],[@R47]\]. Further, inhibiting collagen synthesis by pharmacologic intervention impairs angiogenesis, decreases bone metastasis and facilitates the distribution of therapeutic agents within a tumor \[[@R25]--[@R27],[@R48]\], again suggesting that collagen deposition fosters tumor progression. Thus, the increase in collagen that we documented in response to PLX4032 treatment is seemingly at odds with its clinical efficacy. In addition, the increase in collagen synthesis was not limited to BRAF^V600E^-specific inhibition, since U0126, which blocks pMEK in BRAF^WT^ cells also increased collagen production. This suggests that increased collagen deposition could also be seen in melanoma patients with no BRAF mutation but who may be treated with broad-spectrum MAPK inhibitors, such as Sorafenib \[[@R49]\]. In conclusion, our findings clearly demonstrate that blocking MAPK signaling results in a substantial increase in the deposition of collagen, the major matrix protein in the melanoma TME. As yet, it is unclear whether increased collagen deposition in melanomas represents a therapeutic benefit or an unwanted "off target" effect of inhibiting the Ras-Raf-Erk-Mek pathway.

Materials and methods {#S10}
=====================

Cell culture and reagents {#S11}
-------------------------

The human vertical growth phase melanoma cell lines, C4, C9, and VMM12, have been described previously \[[@R11],[@R28],[@R50]\]. Cells were cultured as mono-layers in Dulbecco\'s Modified Eagle\'sMedium (DMEM) (Life Technologies, Carlsbad, CA) with 10% fetal bovine serum (FBS) and penicillin and streptomycin. In experiments where conditioned media was harvested, confluent cultures were washed three times with HBSS to remove traces of serum and then placed in serum-free DMEM with 0.2% lactalbumin hydrolysate (LH) for 24 or 48 h. The murine D4M.3A and D4M.7A cell lines have also been described previously \[[@R33]\]. Cells were cultured as monolayers in DMEM/F-12 advanced (Life Technologies, Carlsbad, CA) with 5% FBS, 1× penicillin/streptomycin, and 1× glutamine.

Stocks of PLX4032 (PLX) (Chemie Tek, Indianapolis, IN) and U0126 (Cell signaling, Beverly, MA) were prepared in DMSO, and diluted to final concentrations with media. Cells were treated with 0.3 µl/ml DMSO (equivalent to the percentage of DMSO in PLX and U0126 treated cells), 2 ng/ml Recombinant Human TGF-beta 1 (TGFβ) (R&D Systems, Minneapolis, MN), 100 ng/ml Recombinant Human IL-8 (Biolegend, San Diego, CA), 3 µM PLX, 10 µM U0126, 10 µM TGFβ R1 Kinase Inhibitor VI SB431542 (SB) (EMD Millipore, Billerica, MA), 10 µM BIRB 796 (BIRB) (Selleckchem, Houston, TX) for the specified time courses.

Analysis of mRNA {#S12}
----------------

Total cellular RNA was purified using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer\'s instructions. cDNA was prepared by reverse transcription with 2 µg of total RNA using the iScript cDNA Synthesis kit (Bio-Rad, Hercules CA) as described by the manufacturer. Levels of mRNA were measured by qRT-PCR using the iQ SYBR Green Supermix (Bio Rad) as per the manufacturer. The primers used are as follows: human (h) Col1A2, Fwd: 5′-CTC AGA CCC AAG GAC TAT GAA-3′, Rev: GTT GCC CTC AGC AAC AAG TTC-3′; hMMP-1, Fwd: 5′-AGC TAG CTC AGG ATG ACA TTG ATG-3′, Rev: 5′-GCC GAT GGG CTG GAC AG-3′; hIL-8, Fwd: 5′-GAG TGG ACC ACA CTG CGC CAA-3′, Rev: 5′-TCC ACA ACC CTC TGC ACC CAG TT-3′; and hTGFβ1, Fwd: 5′-TGA ACC CGT GTT GCT CTC CCG-3′, Rev: 5′-CTG CCG CAC AAC TCC GGT GA-3′, mouse (m) Col1A2, Fwd: 5′-CCT GGT CTT ACT GGG AAC TTT-3′, Rev: 5′-CAG GTC CTT GGA AAC CTT GAG-3′;mMMP-13, Fwd: 5′-CAC TCC CTA GGT CTG GAT CA-3′, Rev: 5′-TTC ATC GCC TGG ACC ATA AAG-3′. All assays were carried out in triplicate, with machine duplicates. All samples were normalized to human β2microglobulin (β2M) \[[@R28]\] or mouse GAPDH \[[@R33]\] and relative fold change was calculated as 2^−ΔΔCt^.

Immunoblotting {#S13}
--------------

Confluent cultures of C4, C9 and VMM12 cells in 6-well plates were placed in 1 ml fresh DMEM/10% FBS for times as indicated for specific experiments. Total cell lysates were prepared with RIPA buffer (Sigma Aldrich, St. Louis, MO) and were separated on 10% SDS-PAGE gels (Bio-Rad, Hercules, CA). Serum-free conditioned medium (from 48 h cultures) was TCA precipitated, resuspended in 30 µl of 2× Laemmli buffer, and separated on 10% SDS-PAGE gels. Proteins were transferred to a PVDF membrane and visualized with anti-Col1A2 (1:200, Santa Cruz, CA), anti-MMP-1 (1:5000, Millipore), anti-pERK (9101), anti-total ERK (9102), anti-pAKT (4058), anti-total AKT (9272), anti-pSmad 2/3 (9520), anti-Smad 2/3 (5678), anti-total JNK (9252), anti-p-p38 MAPK (9215), or anti-p38 MAPK (8690) (1:1000 for each, Cell Signaling, Beverly, MA), anti-p-JNK (1:2000, Cell Signaling), or anti-Smad 7 (1:1000, Thermo Scientific, Rockford, IL), followed by the appropriate secondary antibody, donkey anti-rabbit HRP (1:20,000) or donkey anti-mouse (1:10,000). Signal was detected with Western Lightning Plus ECL (PerkinElmer, Waltham, MA, USA).

Measurement of TGFβ protein in medium of cultured cells {#S14}
-------------------------------------------------------

TGFβ protein was measured with a bioassay that used a construct of the plasminogen activator inhibitor-1 (PAI-1) promoter linked to the luciferase enzyme \[[@R51]\]. The construct was transfected into mink lung epithelial (MLE) cells, and the quantitative assay measured the ability of TGFβ (0.2 to \>30 pM) in conditioned medium from melanoma cells to induce PAI-1 expression in the MLE cells, with dose dependent increases in luciferase activity. The conditioned medium was from C4 cells plated at 2 × 10^5^ cells per well in 6-well plates. C4 cells were incubated overnight, treated with 0.3 µl/ml DMSO, 3 µM PLX4032 (PLX), 10 µM SB431542 (SB), or a combination of PLX + SB in serum-free media for 24 h, then conditioned medium was harvested. SB was added to the cells 1 h prior to PLX treatment. To measure total TGFβ, latent protein was acid activated and neutralized \[[@R51]\]. Recombinant TGFβ was used for a standard curve.

Orthotopic injections {#S15}
---------------------

C4, C9, and VMM12 melanoma cells were grown to confluence in DMEM 10% FBS. On the day of injection, cells were trypsinized, washed 3× with sterile PBS, counted and resuspended in sterile HBSS 2 × 10^5^ × cells/50 µl were injected intradermally into the right and left flank of 6 week old female nude mice (strain nu/nu, Charles River, Wilmington, MA). In each experiment, eight mice were injected with C4 cells and each experiment was repeated twice. Eight mice were injected with C9 cells and four mice were injected with VMM12 cells. Tumor diameter was determined weekly with Vernier calipers (Fisher Scientific). When tumors reached \~5 mm diameter, the cohort of mice was split into two equal groups. Half the mice were fed chow containing the chemical analog of PLX4032 with favorable pharmaceutical properties in mice called PLX4720 (417 mg/kg chow \[[@R13],[@R41]\]) (supplied under Materials Transfer Agreement by Plexxikon Inc. (Berkeley, CA)), while the other half of mice were fed control chow for 10 days. At that time, mice were sacrificed by inhalation of Isofluorane and cervical dislocation, and tumors were harvested. A portion of the tumor was processed for histology and staining for collagen with Masson Trichrome, and another portion was snap frozen at −70 °C for analysis of mRNA as described above. All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee at Dartmouth College.

Statistical analyses {#S16}
--------------------

Growth curves and RT-PCR graphs were generated using GraphPad Prism software and statistical significance was evaluated with either a Student *t*-test or a one-way ANOVA. The Dunnett method was used to adjust p-values in multiple comparisons.

Supplementary Material {#SM}
======================

Supplementary data to this article can be found online at <http://dx.doi.org/10.1016/j.matbio.2015.05.007>.
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![MAPK inhibition induces collagen synthesis in human melanoma cells. C4 or VMM12 cells were plated on 6-well plates at a density of 0.5 × 10^5^ cells per well and treated the following day with 0.3 µl/ml DMSO, 3 µM PLX4032 (PLX) or 10 µM U0126 for 48 h. (A) RT-PCR of Col1A2 expression in mRNA from C4 cells. Fold change was calculated relative to cells treated with DMSO. Immunoblots probing for (B) pERK and total ERK (6 µg protein) and (C) Col1A2 and a non-specific band (22 µg protein) in C4 cell lysates. Pre-pro-collagen (upper band) and pro-collagen (lower band) are found between 150 kD--100 kD (after 1 min exposure), the non-specific band was found at 37 kD (after 15 min exposure). (D) RT-PCR of MMP-1 in cDNA from C4 cells. Fold change was calculated relative to cells treated with PLX. Expression of mRNA in VMM12 cells, (E) Col1A2 and (F) MMP-1, fold change was calculated as above. (G) Immunoblots of pERK and total ERK (top two panels --- 6 µg protein) in VMM12 cell lysates, and (bottom panel) immunoblot of MMP-1 in VMM12 cell supernatants from the same serum-free culture (30 µl of TCA precipitate). One-way ANOVAs were performed on the relative fold changes compared to DMSO controls, data were pooled from 3 separate experiments (\*\*\*\*P \< 0.0001).](nihms819237f1){#F1}

![MAPK inhibition decreases IL-8 expression in human melanoma cells. (A) Expression of IL-8 as measured by RT-PCR of cDNA from C4 cells. Cells were plated on 6-well plates at a density of 0.5 × 10^5^ cells per well and treated with 0.3 µl/ml DMSO, 3 µM PLX4032 (PLX) or 10 µM U0126 for 48 h. Fold change was calculated relative to cells treated with PLX, data pooled from at least 2 separate experiments with 3 technical replicates per experiment. One-way ANOVA was performed on fold changes compared to DMSO (\*\*P \< 0.005, \*\*\*P \< 0.001). (B) Expression of Col1A2 in C4 cells measured by RT-PCR. Cells were plated as above and treated with DMSO, exogenous IL-8 (100 ng/ml), PLX, or a combination of PLX and IL-8. Fold change was calculated relative to cells treated with DMSO and a one-way ANOVA was performed on fold changes compared to DMSO (ns = not significant P-value, \*\*\*\*P \< 0.0001).](nihms819237f2){#F2}

![TGFβ and PLX4032 cooperate to mediate collagen expression. (A) RT-PCR analysis of TGFβ mRNA in C4 cells treated with 0.3 µl/ml DMSO or 3 µM PLX4032 (PLX) for 48 h. Fold change was calculated relative to cells treated with DMSO and a *t*-test was performed (\*P \< 0.05) (B) Expression of Col1A2 mRNA in C4 cells treated with 0.3 µl/ml DMSO, 2 ng/ml exogenous TGFβ, 3 µM PLX4032 (PLX), combination of PLX + TGFβ, 10 µM SB431542 (SB), TGFβ + SB, PLX + SB, or PLX + TGFβ + SB for 48 h. Fold change was calculated relative to cells treated with DMSO, and an ANOVA was performed (\*P \< 0.05, \*\*\*\*P \< 0.0001). RT-PCR data was pooled from at least 2 separate experiments with 3 technical replicates per experiment. (C) Immunoblot of Col1A2 expression in C4 cell lysates from a parallel experiment (22 µg protein). Pre-pro-collagen and pro-collagen are found between 150 kD--100 kD (after 1 min exposure, top blot), the non-specific band was found at 37 kD (after 15 min exposure, bottom blot).](nihms819237f3){#F3}

![Potential cross-talk between MAPK and TGFβ signaling. C4 cells in DMEM/10% FBS were treated with 3 µM PLX4032 (PLX), 2 ng/ml exogenous TGFβ, combination of PLX + TGFβ, or combination of PLX + TGFβ + 10 µMSB431542 (SB) for 0 (Ct), 15, 45, or 90 min. Cell lysates were harvested at each time point. Immunoblot analyses of (A---top two blots---6 µg protein) pERK and total ERK, (B---bottom two blots---6 µg protein) pAKT and total AKT, (C---top two blots---44 µg protein) pSmad 2/3 and total Smad 2/3, and (B---bottom blot---44 µg protein) Smad 7. (A) Samples from each blot/row were run on the same gel. (B) Samples were run on different gels (Ct, PLX, and TGFβ on one, the rest of the samples on another gel), but the gels were loaded with the same amount of protein, processed simultaneously, and treated and exposed the same way.](nihms819237f4){#F4}

![Collagen expression is partially mediated through p-p38 signaling. (A) Immunoblot of (top) phospho-p38 (p-p38) and (bottom) total p38 for 44 µg C4 cell lysates. C4 cells were treated with 3 µM PLX4032 (PLX), 2 ng/ml exogenous TGFβ, combination of PLX + TGFβ, or combination of PLX + TGFβ + 10 µM SB431542 (SB) for 0 (Ct), 15, 45, or 90 min. Cell lysates were harvested at each time point. (B) Immunoblot of (top) p-p38 and (bottom) total p-38 for 44 µg C4 cell lysates. C4 cells were treated with PLX + TGFβ, BIRB 796 (BIRB), PLX + BIRB, or PLX + TGFβ + BIRB. BIRB was administered 1 h prior to other treatments. Cells were then lysed after a 2 h treatment with DMSO, PLX, or TGFβ. (C) RT-PCR analysis of Col1A2 mRNA in C4 cells treated with DMSO, 10 µM BIRB, PLX, PLX + BIRB, PLX + TGFβ, or PLX + TGFβ + BIRB. Cells were treated with BIRB 1 h prior to treatment with PLX or TGFβ. Cells were then incubated for 24 h and harvested for RNA. Fold change was calculated relative to DMSO-treated cells and a one-way ANOVA was performed comparing fold changes to DMSO (ns = not significant, \*\*\*\*P \< 0.0001).](nihms819237f5){#F5}

![PLX4720 increases collagen deposition *in vivo*. (A) Diameter of flank tumors in *nu/nu* mice injected with 2 × 10^5^ C4 cells in each flank. Tumors were grown to approximately 5 mm in diameter (day 0) before being fed either control chow or chow containing PLX4720 (8 tumors per group). Tumor diameter was measured again at 10 days and mice fed PLX chow had significantly smaller tumors than those fed control chow (P \< 0.005). Data are representative from 2 separate experiments, with standard error bars. (B) Masson Trichrome staining (blue) of representative tumors from mice fed control chow (left) or PLX chow (right), 10× objective. (C--E) RT-PCR of mRNA from C4 tumor tissue; (C) Col1A2, (D) MMP-1, (E) IL-8. Data was pooled from 2 separate injection experiments (16 mice total). Fold change was calculated relative to (D) control chow fed mice, and (E--F) PLX chow fed mice, and t-tests were performed (\*\*P \< 0.005, \*\*\*\*P \< 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](nihms819237f6){#F6}

###### 

TGF-β protein levels in the conditioned media of C4 cells 24 h post treatment.

  TGF-β protein levels (pg/ml)                
  ------------------------------ ------------ ----------------------------------------
  DMSO                           18.4 ± 0.3   
  PLX                            48.4 ± 4.1   [\*\*](#TFN1){ref-type="table-fn"}
  SB                             0.0 ± 0.0    [\*\*\*\*](#TFN1){ref-type="table-fn"}
  PLX + SB                       9.2 ± 1.5    [\*\*](#TFN1){ref-type="table-fn"}

P-values were calculated with a *t*-test comparing individual treatments with the DMSO control treatment (\*\*P \< 0.005, \*\*\*\*P \< 0.0001).

[^1]: MHJ and WC contributed equally to this work.
